Syndecans are a family of heparan sulfate proteoglycans implicated in cell-cell and cell-matrix interactions. To investigate the roles of syndecans in early development, we identified three syndecan family members in Xenopus luevis: Xsyn-1, Xsyn-2, and Xsyn-3. Xsyn-1 and Xsyn-2 are maternal mRNAs localized to the animal pole in blastulae, and are expressed in the ectoderm of gastrulae. In neurulae, Xsyn-1 is restricted to non-neural ectoderm and Xsyn-2 is restricted to neural ectoderm. In tailbud embryos, the three syndecans are expressed in adjacent, non-overlapping patterns. Xsyn-2 is expressed in the heart while Xsyn-I is expressed in the underlying anterior endoderm. Xsyn-3 is expressed in the hindbrain, midbrain, and forebrain, while Xsyn-2 is expressed in the intervening regions. These results suggest that different members of the syndecan family have distinct developmental roles, perhaps acting as barriers to define tissue boundaries.
Introduction
Cell-cell and cell-matrix interactions, mediated by growth factors and cell adhesion molecules, are key events in the earliest steps of vertebrate development. Heparan sulfate proteoglycans (HSPGs) play significant roles in these interactions, functioning as growth factor co-receptors facilitating ligand-receptor interactions, and as cell adhesion molecules. Heparan sulfate is required for the activity of several fibroblast growth factor (FGF) family members (Yayon et al., 1991) and interacts with many other peptide factors including VEGF (Gitay-Goren et al., 1992) , HB-EGF (Higashiyama et al., 1993) , the cytokines IL-3, GM-CSF, and IFN-y (Ruoslahti and Yamaguchi, 1991) and members of the hedgehog family of signaling proteins (Lee et al., 1994) . HSPGs also bind many cell adhesion molecules and components of the extracellular matrix, including NCAM, fibronectin, thrombospondin, tenascin, laminin, and several collagens (Jackson et al., 1991) . In Xenopus luevis, HSPGs are implicated in mesoderm induction, gastrulation, and left-right development.
Mesoderm induction requires the action of one or more heparin-binding growth factors (Slack et al., 1987) , and heparinase treatment of animal cap explants inhibits mesoderm induction by bFGF, activin, and Xwnt-8 (Brickman and Gerhart, 1994; Itoh and Sokol, 1994) . Heparitinase treatment of dorsal marginal zone explants inhibits morphogenetic movements and mesoderm induction (Itoh and Sokol, 1994) . Gastrulation defects and reduced anterior embryonic structures are caused by injection of heparitinase into the blastocoel at blastula stages (Brickman and Gerhart, 1994) . The left-right orientation of the heart and gut in the tadpole is randomized by injection of heparinase into the blastocoel at early gastrula stages (Yost, 1992) . In addition, inhibition of proteoglycan synthesis with /!I-xyloside during early neurula stages prevents looping of the heart tube in later stages (Yost, 1990) . Thus, HSPGs are crucial for early Xenopus development.
A major class of HSPGs is made up of syndecans, a multigene family of integral membrane HSPGs (Bernfield et al., 1992; Rapraeger, 1993) . However, syndecans have not been extensively studied in the earliest events in development. Therefore, we have identified and characterized syndecans in Xenopus laevis, a vertebrate model system amenable to the study of early developmental in-teractions, in order to study the regulation of their expression and to identify the roles they might play in early vertebrate development.
In this paper we describe the molecular cloning of three cDNAs encoding putative Xenopus homologs of syndecan-1, syndecan-2, and syndecan-3, which we have named Xsyn-1, Xsyn-2, and Xsyn-3. In order to identify potential developmental regulatory functions, we describe the temporal and spatial expression patterns of these genes. Xenopus syndecans are expressed in different temporal patterns and often in juxtaposed spatial patterns, suggesting distinct developmental roles.
Results

Molecular characterization of Xenopus syndecans
A screen to identify syndecan homologues in Xenopus by PCR with degenerate oligonucleotide primers resulted in the identification of 16 clones. These clones were grouped into three classes, designated Xsyn-I, Xsyn-2, and Xsyn-3, based on Southern hybridization to each other (data not shown) and on partial DNA sequence analysis.
Representative cDNAs from each of the three classes were fully sequenced and found to have putative translation products of 604 amino acids, 190 amino acids, and 390 amino acids, respectively ( Fig. 1) . A search of GenBank with these sequences revealed significant homology only to members of the syndecan family.
The three classes of clones strongly resembled syndecans in both domain structure and amino acid sequence, indicating that Xsyn-1, Xsyn-2 and Xsyn-3 are the major syndecans present in early Xenopus embryogenesis.
Despite the differences in the sizes of their coding regions, the three Xenopus syndecans had many features in common with members of the syndecan superfamily (Fig. 1) . All three Xsyns began with 18-19 amino acid-long hydrophobic putative signal sequences (thin underline), followed by hydrophilic, proline-rich domains containing numerous potential O-glycosylation sites (open circles) similar to those found in other syndecans (Bernfield et al., 1992) . Xsyn-1 also contained a potential N-glycosylation site (open square), similar to those found in other syndecan-l family members (Bernfield et al., 1992) . Near the carboxyl terminus, all three sequences contained a potential dibasic protease cleavage site (heavy underline) immediately N-terminal to a stretch of 25 hydrophobic amino acids (box), similar to the transmembrane domains of syndecans. Following the hydrophobic domain, at the C-terminus of each sequence, was a short (31-33 amino acid) hydrophilic domain containing three tyrosines (bold). The size of this domain and the number and position of the tyrosines are conserved in all known syndecans (for review, see Bernfield et al., 1992; also David et al., 1992 also David et al., , 1993 Baciu et al., 1994; Spring et al., 1994; Gould et al., 1995; Rosenblum et al., 1995) , including the Xenopus syndecans described here.
In addition to their size and overall amino acid composition, the amino acid sequences of the putative transmembrane and C-terminal cytoplasmic domains of Xsyn-1, Xsyn-2 and Xsyn-3 were highly similar to those regions of other syndecans ( Fig. 2A) . Syndecans from different species are most highly conserved in their transmembrane and cytoplasmic domains (Bernfield et al., 1992) , and the similarity of the Xenopus genes in these regions further supports the idea that they are syndecans. We conclude, based on both domain structure and amino acid sequence similarity, that Xsyn-1, Xsyn-2, and Xsyn-3 represent three Xenopus syndecan family members. Xsyn-1 and Xsyn-3 are novel genes; a gene almost identical to Xsyn-2, XS-2, was reported recently (Rosenblum et al., 1995) . Xsyn-2 and XS-2 are 92% identical at the amino acid level, and probably represent allelic variants of the same Xenopus syndecan gene. Therefore, these results show that a total of three syndecans have been identified in Xenopus.
Syndecans are divided into four sub-families based on slight differences in their sequences in the transmembrane and cytoplasmic domains (Bernfield et al., 1992) . We have assigned Xsyn-1, Xsyn-2, and Xsyn-3 to the subfamilies of syndecan-1, -2, and -3, respectively. The deduced amino acid sequences of the transmembrane and cytoplasmic domains of the three Xenopus syndecans were compared to the corresponding regions of all known syndecans using PAUP v3.Oq (Swofford, 1991) . The resulting cladogram (Fig. 2B) illustrates the similarity of each Xenopus syndecan to the known mouse, rat, human, hamster, chicken, and Drosophila syndecans. Length of horizontal lines is proportional to the number of amino acid differences between the syndecans.
Xenopus syndecan mRNA expression is modulated during development
To determine when the three Xenopus syndecans were expressed during development, northern blots of RNAs from stage 3 (four-cell stage) to stage 47 (swimming tadpole stage) embryos were hybridized with radiolabeled cDNAs of Xsyn-1 (Fig. 3A) , Xsyn-2 (Fig. 3B) , and Xsyn-3 (data not shown). Northerns were subsequently probed with radiolabeled XLr14, a Xenopus 18s ribosomal RNA cDNA clone (Sollner-Webb and Reeder, 1979) , as a loading control (Fig. 3C) . The results indicated that the three genes had distinct temporal patterns of expression.
Northern analysis of Xsyn-1 (Fig. 3A) showed that maternal mRNA species were present in blastula stages (stages 3 and 7). In the Xenopus embryo, zygotic transcription does not begin until the midblastula transition (MBT) in stage 8 (Newport and Kirschner, 1982) . Important early developmental events that occur at least in part before MBT, such as dorsal-ventral axis specification and mesoderm induction, must utilize maternal products that are synthesized and stored in the egg during oogenefour-fold more abundant than the smaller (2.6 kb) transis. At pre-MBT stages, the larger transcripts (which rescript. Although two of the Xsyn-1 transcripts (5.9 and solve as a doublet of 5.9 and 5.3 kb ontother Northern 5.3 kb) are significantly larger than our Xsyn-1 cDNA blots; data not shown) of Xsyn-1 were approximately (2.0 kb), homology of the deduced Xsyn-1 amino acid sequence to other syndecans suggests that the cDNA contains the full coding region. The size differences of the three Xsyn-1 transcripts may be due to their 3' UTRs; several other syndecans have been shown to have multiple transcripts due to alternative polyadenylation sites (Saunders et al., 1989; Kiefer et al., 1990; Pierce et al., 1992; Kojima et al., 1993) . Xsyn-1 mRNA levels decreased between late gastrula (stage 12) and early neurula (stage 15). Xsyn-1 mRNA levels remained relatively low during neurulation and early tailbud stages (stages 15-28). and increased again at later tailbud (stage 30) through swimming tadpole (stage 47) stages. Thus, levels of Xsyn-1 mRNA were modulated during development, with the highest levels seen in pre-MBT embryos and again during organogenesis in late tadpole stages.
Northern blot analysis of Xsyn-2 (Fig. 3B ) revealed a major mRNA species of 3.6 kb and a minor species of 1.8 kb in size. Like Xsyn-1, these messages were present as maternal messages in blastula stages (stages 3 and 7) but at much lower abundance.
In contrast to Xsyn-1, Xsyn-2 mRNA levels began to increase at gastrulation (stage lo), after the onset of zygotic transcription. Xsyn-2 expression levels increased slightly during neurulation (stage 15) and again in the tailbud stage (stage 30), and then remained steady through the swimming tadpole stages (to stage 47). Thus, levels of Xsyn-2 mRNA were also modulated during development, but in a temporal pattern different from that of Xsyn-I Xsyn-2 expression increased during gastrulation and neurulation, while Xsyn-1 expression decreased.
In contrast to Xsyn-1 and Xsyn-2, Xsyn-3 mRNA was not present at levels detectable by Northern analysis in blastula, gastrula, or neurula stages. Xsyn-3 mRNA was detectable only at late tailbud stages, as a faint 2.2 kb band (data not shown). Thus, Northern analysis showed contrasting temporal mRNA expression patterns for the three Xenopus syndecans.
Xsyn-I, Xsyn-2 and Xsyn-3 are expressed in adjacent, non-overlapping spatial patterns
The above Northern results demonstrated that the three Xenopus syndecans were expressed at differing levels and that each syndecan had distinct temporal patterns of expression during development. To identify where Xenopus syndecan mRNAs were localized during embryogenesis, embryos were analyzed by whole mount in situ hybridization with digoxigenin-labeled antisense transcripts. Northern blot probed with Xsyn-I cDNA. Numbers across the top represent Xenopus developmental stages. The high molecular weight band has resolved on other blots as a doublet of 5.9 and 5.3 kb; the smaller RNA species is 2.6 kb. The RNA species are present at their highest levels in blastula and gastrula stages (3-12) at their lowest levels in neurula and early tailbud stages (15-28), and at intermediate levels in late tailbud and tadpole stages (30-47). (B) The same Northern blot was probed with Xsyn-2 cDNA. A major band of 3.6 kb and a minor band of 1.8 kb are observed. Abundance of both RNA species is lowest in blastula stages (2-7), higher in gastrula through early tailbud stages (lO-28) , and highest in late tailbud and tadpole stages (30-47). (C) The same Northern blot was probed with Xenopus 18s ribosomal DNA as a control for the amount of RNA loaded in each lane.
Xsyn-1 was strongly expressed in the blastula (stage 7; Fig. 4A ), confirming its presence as a maternal message. Sectioning of in situ hybridized blastula stage embryos (Fig. 4B) showed that the transcript was localized to the animal pole in the prospective ectoderm. In early gastrula stage embryos (stage 10; Fig. 4C ), Xsyn-I mRNA continued to be localized to the presumptive ectoderm in the animal pole. Sectioning of mid-gastrula embryos (stage 11.5; Fig. 4D ) showed Xsyn-1 expression in the inner sensorial layer of the ectoderm, with a boundary of expression at the blastopore lip (arrowheads, Fig. 4D ). By the early neurula stage (stage 13; Fig. 4E , uncleared embryo), Xsyn-1 transcripts were still present in the ectoderm, but appeared to be excluded from the neural plate and the ventral ectoderm, with the most intense staining found in ectoderm at the anterior and posterior ends. As neurulation progressed, Xsyn-1 expression became progressively localized to the prospective cement gland and a posterior ventral patch (stage 15; Fig. 4F ), culminating in exclusive localization to those two areas by the end of neurulation (stage 20; Fig. 4G ). Thus, Xsyn-1 began as an ectoderm-specific maternal mRNA, and zygotic expression was progressively constricted to the anterior and posterior extremities of non-neural ectoderm. During tailbud stages, expression remained high in the cement gland and a patch under the tail, and new, non-ectodermal expression appeared in the pharyngeal mesoderm and anterior endoderm (data not shown). By late tailbud stage (stage 40; Fig. 4H ), Xsyn-1 staining in the pharyngeal mesoderm and anterior endoderm was more intense.
Maternal Xsyn-2 mRNA was also localized to the animal pole in the presumptive ectoderm of the blastula (stage 7; Fig. 5A ). This localization was confirmed by sectioning (Fig. 5B) . In mid-gastrula embryos (stage 11.5; Fig. 5C ), sectioning showed that Xsyn-2 n-RNA, like Xsyn-1, continued to be localized to the inner, prospective sensorial layer of the ectoderm with a boundary at the blastopore lip (arrowheads, Fig. 5C ). By the early neurula stage (stage 13; Fig. 5D , uncleared embryo), Xsyn-2 expression was still ectodermal, but in contrast to Xsyn-1, it was concentrated in the dorsal ectoderm of the neural plate. In mid-neurula embryos (stage 15; Fig. 5E ), Xsyn-2 expression was excluded from non-neural ectoderm and was strongest in the anterior neural folds and in the forming neural tube. By the end of neurulation (stage 18; data not shown), transcripts were present in the floor plate of the neural tube and throughout the developing brain. Early tailbud embryos (stage 28; Fig. 5F ) showed a more complex expression pattern. Brain expression was now limited to the midbrain-hindbrain and midbrain-forebrain boundaries, and to the anterior wall of the forebrain. Xsyn-2 expression was also present strongly around the otic vesicle, and faintly around the eye and in the pharyngeal mesoderm, somites, tailbud, and pronephros. Xsyn-2 expression in the floor plate of the neural tube was still seen in tailbud stage embryos; sectioning of stained stage 33 embryos confirmed the expression of Xsyn-2 in the floor plate but not in the notochord (Fig. 6) . Overstained mid-tailbud stage embryos (stage 33; Fig 5G) , compared to equally overstained sense controls (Fig. 5H) , also showed Xsyn-2 expression in the heart during stages when the heart undergoes looping. Many of these areas of Xsyn-2 expression are sites of folding in epithelial sheets, where changes in cell shape and adhesion occur.
Xsyn-3 was not detected in blastula, gastrula, or neurula stages by in situ hybridization analysis, in concurrence with Northern blot results (data not shown). In tailbud stage embryos (stage 33; Fig. 7 ) Xsyn-3 was expressed in the pharyngeal mesoderm and throughout most of the brain. Xsyn-3 was excluded from the midbrain-hindbrain and midbraih-forebrain boundaries (arrowheads, Fig. 7A ). In contrast, Xsyn-2 was highly expressed at these boundaries (arrowheads, Fig. 5F ) and excluded from the interboundary region. Thus, the ex- pression pattern of Xsyn-3 was complementary to that of Xsyn-2 in these regions of the brain.
Discussion
The ability of HSPGs to bind growth factors and extracellular matrix components suggests crucial roles for syndecans in important developmental events such as cellcell and cell-matrix interactions. RNAs for three syndecan family members are expressed during Xenopus embryogenesis.
These syndecans exhibit complementary expression patterns during early subdivisions of cell fates. Complementary or adjacent, non-overlapping expression patterns of the Xsyn family members suggest that these related genes perform distinct functions during development.
Localization of Xsyn-I and Xsyn-2 maternal mRNAs to the animal hemisphere
The early expression patterns of Xsyn-1 and Xsyn-2 RNAs suggest that their protein products could be involved in ectoderm determination and in interactions between the extracellular matrix of the blastocoel roof and the mesodermal cells that move across it during gastrulation. It has yet to be shown that processed, glycosylated Xsyn protein is expressed by all of the cells that express Xsyn mRNA, and whether the Xsyn protein is cleaved at the cell surface. Northern analysis shows that both genes are expressed as maternal transcripts at the blastula stage, with Xsyn-1 more abundant than Xsyn-2. In situ hybridization
shows that both maternal mRNAs are highly localized to the animal hemisphere. This animal localization of Xsyn-1 and Xsyn-2 mRNAs is specific, and is not likely to be due to a failure of yolky vegetal cells to hybridize to the probe. We have previously used similar in situ hybridization protocols to visualize mitochondrial large ribosomal subunit RNAs in prospective germ plasm in vegetal cells and equatorial regions of the eight-cell embryo (Yost et al., 1995) . Exclusive localization of RNA to the animal hemisphere is unusual, and has been shown for only four other mRNA species in Xenopus, An-1, An-2, An-3, and XLPOU-60, which are, respectively, a ubiquitin fusion protein (Linnen et al., 1993) , a mitochondrial ATPase (Weeks and Melton, 1987) , an RNA helicase (Gururajan et al., 1994 ) and a transcription factor (Whitfield et al., 1993) . Xsyn-1 and Xsyn-2 are the first known maternally-encoded putative extracellular matrix molecules that are localized to the animal blastomeres. Because HSPGs bind many growth factors (Ruoslahti and Yamaguchi, 1991; Yayon et al., 1991; Gitay-Goren et al., 1992; Higashiyama et al., 1993; Lee et al., 1994) and perturbation of ectodermal HSPGs disrupts mesoderm induction in animal cap explant assays (Slack et al., 1987; Brickman and Gerhart, 1994; Itoh and Sokol, 1994) , it is possible that Xsyn-1 and Xsyn-2 facilitate mesoderm induction in animal cap explants. Xsyn-1 and Xsyn-2 might be involved in cell adhesion in the ectoderm, and the disruption of HSPGs might perturb gastrulation by altering cell adhesion in the ectoderm. The functions of these maternal mRNAs are currently being assayed by antisenseoligonucleotide knockouts.
In gastrula stage embryos, Xsyn-1 and Xsyn-2 remain localized to the ectoderm as they were in blastula stage embryos. Expression of both is strongest in the inner layer of the ectoderm, which synthesizes the extracellular matrix of the ectodermal basement membrane. Northern analysis shows that Xsyn-1 mRNA levels begin to decline at this stage while Xsyn-2 mRNA levels begin to increase, but the localization patterns shown by in situ hybridization are still similar. The restriction of these mRNAs to the ectoderm is shown strikingly at the lip of the blastopore: there is a sharp boundary of Xsyn-1 and Xsyn-2 expression between the non-involuted cells fate-mapped to be ectoderm, and the involuted cells fate-mapped to become definitive endoderm. Expression of Xsyn-1 and Xsyn-2 appears to be down-regulated in cells that have ingressed through the dorsal lip. Although in blastula stages the two syndecans are expressed in both the future ectoderm and future mesoderm, in gastrula stages they demarcate the boundaries of the ectoderm. 
Possible functions of Xsyn-I and Xsyn-2 in neural induction
The first cell fate changes which occur in ectoderm are the induction of dorsal ectoderm to become neural ectoderm and the induction of ventral ectoderm to become non-neural ectoderm. Although both Xsyn-1 and Xsyn-2 are pan-ectodermal markers in blastula and gastrula stages, their expression patterns diverge and become complementary in the ectoderm at the onset of neurulation, reflecting the division of the ectoderm into neural and non-neural ectoderm. Xsyn-2 is highly expressed in the neural plate at the early neurula stage, and becomes restricted to the brain and to the prospective floor plate of the neural tube as neurulation proceeds. The floor plate is a specialized strip of cells along the ventral midline of the neural tube that has been implicated in the control of neuronal differentiation and axon guidance. Development of the floor plate is induced by signals from the underlying notochord which probably include the secreted factor sonic hedgehog (shh) (Roelink et al., 1995 ; also reviewed in Smith, 1994 ). The floor plate itself then expresses shh (Echelard et al., 1993; Krauss et al., 1993; Roelink et al., 1994) , which may act in an autocrine manner on floor plate cells to consolidate their differentiation (Strahle and Blader, 1994) . Because shh binds to heparin (Lee et al., 1994) , it is possible that HSPGs such as Xsyn-2 are involved in shh signal modulation in the floor plate.
In contrast to Xsyn-2, Xsyn-1 is expressed only in nonneural ectoderm, and is progressively localized to the most anterior part of the ectoderm, the cement gland, and to a posterior patch of ectoderm. Recent work has suggested that the default fate of undifferentiated ectoderm is neurectoderm rather than epidermis, and that neural markers can be expressed by ectoderm which has never been exposed to mesoderm: several factors directly induce neural markers in animal caps in the absence of mesoderm, including follistatin (Hemmati Brivanlou et al., 1994) noggin (Lamb et al., 1993) , and chordin (Sasai et al., 1995) . Dissociated animal cap cells express neural markers in the absence of exogenous inducing molecules, indicating that factors exist in intact animal caps that inhibit neuralization (Grunz and Tacke, 1989) . The expression patterns of Xsyn-1 and Xsyn-2 in early neurulae suggest that they may differentially bind neural-promoting and neural-inhibiting factors, and thus modulate the extent of neural induction and maintain the boundaries of the neurectoderm.
Complementary spatial expression patterns of Xenopus syndecans
The changes in Xsyn-2 and Xsyn-I mRNA levels at neurulation and the division of Xsyn-2 and Xsyn-1 expression between neural and non-neural ectoderm are the earliest examples of complementary syndecan expression patterns in Xenopus development, but they are not the only instances. In tailbud stage embryos, Xsyn-2 and Xsyn-3 exhibit complementary expression patterns in the brain. Xsyn-2 is strongly expressed in the midbrainhindbrain and midbrain-forebrain boundaries, and little expression is detected in the midbrain and hindbrain. The boundaries between the vesicles of the brain are sites of morphogenetic movements, as the neurepithelial sheets invaginate.
Syndecans are thought to be involved in modulating cell adhesion (reviewed in Bernfield et al., 1992; Rapraeger, 1993) , an important factor in tissue morphogenesis, so it is possible that Xsyn-2 expression in the brain boundaries plays a role in cell adhesion and movement. In contrast, Xsyn-3 is expressed in the hindbrain, midbrain, and forebrain, but not in the boundaries between them where Xsyn-2 is expressed. The expression of Xsyn-3 in the brain may be important for the action of the wnt family of secreted factors in the central nervous system. In Xenopus, Xwnt-1 and Xwnt-3A (Jue et al., 1992; Wolda et al., 1993) and Xwnt-4 (McGrew et al., 1992) are all expressed in regions of the brain and neural tube. Like shh, wnts are also thought to bind to heparin and to HSPGs in the extracellular matrix (Bradley and Brown, 1990; Jue et al., 1992) so it is possible that they utilize syndecans as co-receptors.
The complementary expression patterns of Xsyn-2 and Xsyn-3 in the brain again suggest that syndecans could be working as barriers, defining different tissue domains.
Xsyn-2 and Xsyn-1 also exhibit adjacent, nonoverlapping expression patterns in tailbud stage embryos. Xsyn-2 is expressed in the heart at stages when the heart undergoes looping, suggesting a role for syndecans in cardiac tissue morphogenesis.
In contrast, Xsyn-1 is expressed in the most anterior region of the ventral endoderm, which is adjacent to the heart primordium.
The anterior endoderm has been implicated in heart development (Sater and Jacobson, 1990) , suggesting a role for Xsyn-1 and Xsyn-2 in cell-cell signaling between the anterior endoderm and the heart. The early complementary expression patterns seen with syndecan family members in Xenopus development have a precedent in later development in mouse embryos.
Syndecan-I and syndecan-3 are expressed in adjacent areas within the branchial arches, somites, and limb buds (Gallo et al., 1993) . During mouse organogenesis, syndecan-1 is expressed in the epithelial component of developing lungs, pancreas, kidney and stomach, while syndecan-2 is expressed in the mesenchymal component of those organs (Trautman et al., 1991; David et al., 1993) . This evidence, taken together with our results in Xenupus, suggests that despite structural similarities, different syndecan family members perform distinct functions during vertebrate embryogenesis.
The various functions performed by syndecans may include adhesion of cells to different types of extracellular matrix and interactions with different growth factors. The developmental expression patterns of syndecans that have been described to date are consistent with these potential roles in cell-matrix adhesion and growth factor signaling during organogenesis in later development. Syndecans-1, -2, and -3 are expressed in distinct patterns in areas undergoing active morphogenesis, where changes in cell behavior and cell-cell and cell-matrix interactions are occurring, such as the developing tooth, kidney, and limb bud (reviewed in Bernfield et al., 1992) . Epithelialmesenchymal interfaces in the mouse embryo, where syndecan-1 is expressed mainly in the epithelial cells (Trautman et al., 1991) and syndecan-2 is expressed exclusively in the mesechymal cells (David et al., 1993) , are sites of active tissue remodeling and cell differentiation. In chick limb buds, syndecan-3 is expressed during the transient condensation of prechondrogenic mesenchymal cells (Gould et al., 1992) . In all of these developing organ systems, the cells expressing various syndecans are undergoing changes is adhesion and growth, supporting the idea that syndecans are involved in these events.
Cell-cell and cell-matrix interactions are key events in the early development of all vertebrates, and syndecans have all the characteristics necessary to play significant roles in these interactions. Identification of three syndecans in Xenopus laevis, a vertebrate model system amenable to the study of early developmental events, lays the groundwork for the functional analysis of syndecans in early developmental events.
Experimental procedures
Embryos
Adult Xenopus laevis were purchased from Xenopus I (Ann Arbor, MI). Eggs were collected from females injected with 25 U pregnant mare serum gonadotropin (Sigma) followed 24 h later by 800 U human chorionic gonadotropin (Sigma), fertilized with a suspension of minced testis, and dejellied in 2% cysteine (pH 8.0). Embryos and explants were cultured in one-third strength modified Ringers (R/3) with 50pg/ml gentimycin sulfate at 15-22"C, and staged according to Nieuwkoop and Faber (1967) .
Molecular cloning
Three degenerate oligonucleotides were synthesized for PCR, based on primers designed by Spring et al. (1994) , but modified for codon usage in Xenopus. Two forward primers (synA, 5'-CGTCGACTAYMGNATGAR RAARAA-3'; synB, 5'-CGTCGACATGARRAARAARG AYGA-3') correspond to the most conserved region of the stop transfer domain of the cytoplasmic tail, and one reverse primer (sync, 5'-CTCTAGAYYADGCRTARAA YTC-3') corresponds to the C-terminal four amino acids, Glu-Phe-Tyr-Ala, and the stop codon (Y = C or T, M = A or C, R = A or G, D = not C, N = any nucleotide). For the PCR reaction, 100 ng of Xenopus luevis genomic DNA was heated at 95°C for 5 min in 100~1 of PCR mixture (10 mM Tris-HCl, pH 8.3150 mM KC1/4 mM MgCl,/ 0.01% Tween-20/0.01% gelatin/O.01 % NP-40/200 PM dNTPs/lOpM primers) containing primers synA and sync, and cooled to 42°C for 30 s. AmpliTaq polymerase (Perkin Elmer; 1 U) and mineral oil (70~1) were added, followed by a 2-min extension at 72"C, followed by 30 cycles of amplification
(1 min at 95°C 1 min at 42"C, 1 min at 72°C). DNA in the range of 100-120 bp was purified from a 2% agarose gel using the MERmaid kit (BiolOl) and reamplified with the primers synB and sync in 2 mM MgCl, reaction buffer. After 55 cycles (1 min at 95"C, 1 min at 50°C 1 min ramp. 1 min at 72°C) lOO--120 bp DNA fragments were separated on a 1% low melting point agarose gel and labeled with [a-32P]dCTP (Amersham) by random priming (Sambrook et al., 1989) . This probe was used to screen 1.5 X lo6 plaques of a Xenopus laevis stage 28 cDNA library in LambdaZAP (gift of G. Thompson and D. Melton; Hemmati Brivanlou et al., 1991) using stringent hybridization conditions (50% formamide, 5 X SSC, 5 X Denhardt's, 0.1% SDS, 100~glml herring sperm DNA, 1 pug/ml poly(A)+, 42°C). Filters were washed four times in 2~ SSC/O.l% SDS at room temperature, twice in 1 X SSC/ 0.1% SDS at 65°C and exposed to film (Kodak XAR) at -80°C with an intensifying screen. Sixteen positive clones were identified and were subcloned into pBluescript SK-(Stratagene) by in vivo excision. All clones were partially sequenced and selected clones were completely sequenced by dideoxy chain termination using the Sequenase 2.0 kit (USB). Sequences were analyzed with MacVector 4.0 and at the National Center for Biotechnology Information using the BLAST network service (Altschul et al., 1990 ).
Northern analysis
Total RNA from Xenopus embryos was isolated by the method of Chomzynski and Sacchi (1987), or by using TRI Reagent (Molecular Research Center, Inc; Chomczynski, 1993) . Ten pg of total RNA was denatured in 0.9 M glyoxal/50% formamide/lO mM NaP04 at 50°C for 1 h, separated on 0.8-l% agarose gels, blotted onto nylon membranes (MS1 MagnaGraph), and UV-crosslinked in a Stratalinker (Stratagene). Blots were hybridized with cDNA inserts radiolabeled as above.
Whole-mount in situ hybridizations
RNA probes labeled with digoxigenin-rUTP (Boehringer Mannheim Biochemical) were synthesized from linearized cDNA templates (Harland, 1991) using T3 (sense) and T7 (antisense) RNA polymerases. Albino embryos were fixed in 1 X MEMFA (0.1 M MOPS, pH 7.4/2 mM EGTA/l mM MgS04/3.7% formaldehyde) and used in whole-mount in situ hybridization as described by Harland (1991) , with the following modifications: during antibody incubation, embryos were blocked with 2% BMB blocking reagent (Boehringer Mannheim) in maleic acid buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5), and BM Purple (Boehringer Mannheim) was used as the calorimetric substrate. Stained embryos were made transparent in benzyl benzoate/benzyl alcohol (2:l ratio) and photographed. For sectioning, stained embryos were embedded in Paraplast (Oxford Labware) and 35 pm sections were cut, dewaxed in xylene, rehydrated in an ethanol series, and mounted in Crystal/Mount (Biomeda Corp., Foster City, CA).
